Srikuea R, Zhang X, Park-Sarge OK, Esser KA. VDR and CYP27B1 are expressed in C2C12 cells and regenerating skeletal muscle: potential role in suppression of myoblast proliferation. Am J Physiol Cell Physiol 303: C396 -C405, 2012. First published June 6, 2012 doi:10.1152 doi:10. /ajpcell.00014.2012 2D3, the active form of vitamin D 3 , has been reported to regulate the cell biology of skeletal muscle. However, there has been some controversy about the expression of the vitamin D receptor (VDR) and thus the potential role of vitamin D 3 in skeletal muscle. In this study, we isolated and sequenced the full-length Vdr and Cyp27b1 transcripts in C2C12 myoblasts and myotubes. Western blots and immunocytochemistry confirmed protein expression in both myoblasts and myotubes clearly demonstrating that C2C12 cells express VDR and CYP27B1. To determine the vitamin D 3 action, we found that C2C12 myoblasts treated with either 1␣,25(OH) 2D3 or 25(OH)D3 inhibited cell proliferation and this was associated with increased Vdr expression. The observation that treatment of C2C12 myoblasts with the inactive form of vitamin D 3, [25(OH)D3], inhibited proliferation suggested that CYP27B1 was functionally active. We used small interfering RNA to knock down Cyp27b1 in myoblasts, and cells were treated with 25(OH)D 3. The growth-suppressive effects of 25(OH)D3 were abolished, suggesting that CYP27B1 in myoblasts is necessary for the ability of 25(OH)D 3 to affect cell proliferation. Finally, we analyzed expression of VDR and CYP27B1 in regenerating skeletal muscle in vivo. We found that expression of VDR and CYP27B1 increased significantly at day 7 of regeneration, and these results confirm the expression of Vdr and Cyp27b1 in vivo and suggest a potential role for vitamin D 3 in skeletal muscle regeneration following injury.
VITAMIN D IS A PLEIOTROPIC hormone that has been implicated in a wide number of physiological and biochemical functions such as calcium homeostasis and regulation of cell proliferation and differentiation (4) . The inactive form of vitamin D 3 [25(OH)D 3 ] must be converted to the bioactive metabolite 1␣,25(OH) 2 D 3 before it can activate the nuclear vitamin D receptor (VDR), which is a member of the ligand-induced transcription factor family. Once 1␣,25(OH) 2 D 3 binds VDR, the ligand-occupied VDR forms a complex with the retinoid X receptor (RXR) and the VDR:RXR heterodimer binds to specific DNA sequences and recruits coregulators for transcriptional modulation of VDR downstream target genes (4), including calcium-binding protein (19) , and bone-related genes (12) . In addition to the role in calcium and phosphate regulation, most of the literature reports an inhibitory effect of 1␣,25(OH) 2 (4) , rheumatoid arthritis (10) , and muscle weakness (15) .
Recent studies (14) have demonstrated that skeletal muscle cells are a direct target for vitamin D action. The bioactive metabolite of vitamin D 3 , 1␣,25(OH) 2 D 3 inhibits proliferation of C2C12 cells (14) and modulates expression of C2C12 cell differentiation (13, 14) . VDR immunoreactivity has been reported in myoblasts from chicken (8, 9, 32) , mouse G-8 (27) , mouse C2C12 (7, 13, 14) , and rat H9c2 (27) , and it was also detected in skeletal muscle tissue of various species including chicken (32) , mouse (13) , and human (5) . Muscles from the VDR knockout mice are smaller than wild-type mice (13) . However, due to concerns regarding antibody specificity there is still some controversy about whether VDR immunoreactivity in skeletal muscle truly represents authentic VDR (29, 30) .
If expressed in skeletal muscle, VDR is only activated by the bioactive 1␣,25(OH) 2 D 3 . The production of 1␣,25(OH) 2 D 3 from 25(OH)D 3 is mediated by the activity of the mitochondrial 1␣-hydroxylase encoded by the gene Cyp27b1. The kidney has long been viewed as the primary site expressing CYP27B1 and thus is the key organ that produces 1␣,25(OH) 2 D 3 (33) . However, CYP27B1 was also reported to be expressed in various tissues besides the kidney including skin, lymph nodes, hair follicles, colon epithelium, islets of the pancreas, medulla of adrenal gland, and neurons of the cerebral cortex (34) , bone (1) , and colon (6) . In addition, CYP27B1 expression has also been detected in nonrenal cells that express VDR, i.e., primary mammary epithelial cells (16) and primary human osteoblasts (3) raising the possibility that bioactive 1␣,25(OH) 2 D 3 might be formed locally and activate VDR in target cells. Whether skeletal muscle cells express CYP27B1 and whether 25(OH)D 3 can be used as a precursor for 1␣,25(OH) 2 D 3 to regulate VDR activity in skeletal muscle are currently unknown.
In this study, we investigated 1) whether VDR and CYP27B1 are expressed in vitro (C2C12 myoblasts and myotubes); 2) whether Cyp27b1 expression is functionally active to modulate the effects of 25(OH)D 3 and 3) whether VDR and CYP27B1 are expressed during skeletal muscle regeneration when there is high satellite cell activity. Our results demonstrate that Vdr and Cyp27b1 are constitutively expressed in both myoblasts and myotubes. Furthermore, we determined that 25(OH)D 3 like 1␣,25(OH) 2 D 3 treatment inhibits proliferation of C2C12 myoblasts and that this is associated with significant upregulation of VDR. Knockdown of Cyp27b1 resulted in the cells being insensitive to 25(OH)D 3 and confirmed a functional role for CYP27B1 in muscle cells. Lastly, we determined that both VDR and CYP27B1 are significantly expressed in vivo during regeneration of skeletal muscle. These results confirm that skeletal muscle in vivo does express VDR and CYP27B1, especially during regeneration, and this opens the possibility of vitamin D 3 contributing to regulation of cell proliferation during injury repair.
MATERIALS AND METHODS
Cell culture. The mouse muscle cell line C2C12 was obtained from ATCC (Manassas, VA). Cells were grown in growth medium consisting of DMEM (Invitrogen), 10% FBS, and antibiotics (100 U/ml penicillin and 100 g/ml of streptomycin; Cellgro). When myoblast reached 60 -70% confluence, cells were trypsinized and seeded on a six-well plate (Corning) at an initial plating density of 5 ϫ 10 4 cells/well to use for the cell proliferation assay, real-time PCR, and small interfering (si)RNA transfection. For immunocytochemistry and 5=-bromo-2-deoxyuridine (BrdU) incorporation assay, cells were plated on an eight-well chamber slide (Lab-Tek, Fisher Scientific) at a density of 6ϫ10 3 cells/well. For myotube studies, C2C12 myoblasts were grown to ϳ70% confluence on an eight-well chamber slide and then the media were switched to DMEM plus 2% horse serum (Invitrogen). Differentiation medium was replaced every 2 days and myotube formation was allowed for 5 days. 1,25(OH) 2D3 (20 nM, final concentration; Sigma), 25(OH)D3 (2 M, final concentration; Sigma), or vehicle (absolute ethanol) with the final concentration of ethanol at 0.1% were used in the present study to determine the effects of vitamin D 3. Animals. All animal procedures were performed in accordance with institutional guidelines for the care and use of laboratory animals as approved by the Animal Care and Use Committee of the University of Kentucky. Mice (C57BL/6), aged 12 wk, were housed in a temperature-and humidity-controlled room in standard cage with a 12:12-h light-dark cycle and fed with food and water ad libitum. Muscle regeneration was induced by an injection of 1.2% BaCl 2 to the tibialis anterior muscles as previously described (22) . The regenerating muscles were collected at day 7 following injection. Muscles from control mice served as uninjured controls for this study.
RNA isolation and real-time PCR. Trizol reagent (Life Technologies) was used to isolate the total RNA from C2C12 cell cultures. SuperScript III first-strand synthesis (Invitrogen) was used to generate the first-strand cDNA according to the manufacturer's instruction. Real-time PCR was performed as previously described (28) . Expression of Vdr and Cyp27b1 mRNAs were analyzed using Applied Biosystems 7500 real-time PCR system (Applied Biosystems). Input RNA was normalized to Rpl26 (ribosomal protein L26) based on our previous studies (35) . Data were analyzed using ABI 7500 software version 2.03 (Applied Biosystems) using the 2 Ϫ⌬⌬CT method. The sequences for the primers used for real-time PCR in this study are shown in the Table 1 .
Vdr and Cyp27b1 cloning. The RNA samples from untreated C2C12 myoblasts and myotubes were reverse transcribed to cDNA and PCR amplified using the Vdr primers (forward) 5=-GTCAAAAAGCTGCT-GCCGA-3= and (reverse) 5=-ACCCTGGTCAGGAGATCTCATT-3=; and Cyp27b1 primers (forward) 5=-CACGCTAGCGACTCCCCAAA-CACAGACATGA-3= and (reverse) 5=-CACCTCGAGACAAAGAC-CCCATCCTGTCTTG-3=. Based on the Genbank sequences for mouse Vdr and Cyp27b1, the predicted full-length PCR products span from 140 and 15 bp upstream of the start codon to the stop codon and are Ϸ1,400 and 1,595 bp for Vdr and Cyp27b1, respectively. The PCR products were separated on a 5% acrylamide gel, stained with SYBR Safe DNA stain (Invitrogen), and cloned into pcDNA3.1 plus vector, and both strands were sequence verified from ACGT.
Cell proliferation assay. The proliferation of C2C12 myoblasts was determined by counting the cell number over time as well as BrdU incorporation assays. Four independent experiments were carried out for each condition. Cell counting was determined in duplicates for each experiment using a hemocytometer. The percent change of cell number from day 1 to day 4 after treatment was compared with initial number of cells plated at day 0 (5ϫ10 4 cells/well). For the BrdU incorporation assay, cells were incubated with 10 M (final concentration) of BrdU (Sigma) in sterile PBS (Cellgro) for 1 h at 37°C and 5% CO 2. Immunocytochemistry. All steps were performed at room temperature (RT). For double immunostaining of VDR and rhodaminephalloidin (F-actin), C2C12 cells were washed with PBS and fixed with 4% paraformaldehyde (PFA; Electron Microscopy Sciences) for 10 min and followed by 0.1% of Triton X-100 (Bio-Rad, USA) for 5 min. Nonspecific reactivity was blocked with 10% normal donkey serum (Jackson Immunoresearch) for 30 min. Primary rabbit polyclonal anti-VDR (1:100) (Santa Cruz Biotechnology) was applied and incubated for 1 h, and then donkey anti-rabbit (1:500; Invitrogen) secondary antibody was applied for 1 h. After several washes with PBS, cells were postffixed with 4% PFA for 5 min and quenched with 0.1 M glycine (Fisher) for 5 min. Then, cells were permeabilized with 0.1% Triton X-100 in PBS for 1 min followed by incubation with rhodamine-phalloidin (Invitrogen) (1:100) for 15 min. Thereafter, cells were washed with PBS and counterstained with an anti-fade solution containing DAPI (Vector Labs).
For anti-OxPhos complex V (ATP synthase, F 1F0) a subunit (F1 complex) and CYP27B1 double immunostaining, cells were fixed as described above and blocked with 10% normal goat serum (Jackson Immunoresearch), primary mouse monoclonal anti-OxPhos complex V (1:250; Invitrogen) and rabbit polyclonal anti-CYP27B1 (1:100; Santa Cruz Biotechnology) were applied together and incubated for 1 h, washed with PBS, and then goat anti-mouse Texas Red (Rockland Immunochemicals; 1:200) and goat anti-rabbit Alexa Fluor 488 (1: 500; Invitrogen) secondary antibodies were applied together for 1 h. After several washes with PBS, cells were counterstained with antifade solution containing DAPI. For VDR or CYP27B1 double immunostaining with myosin heavy chain (MF20), the protocol used was similar as described above except to the mouse anti-myosin antibody MF20 (supernatant) was used (Developmental Studies Hybridoma Bank). BrdU staining was performed as previously described (28) with minor modification on addition of the antifade containing DAPI. Images were taken with Zeiss laser scanning microscope (LSM5 Live; Jena, Germany). Immunohistochemistry. Muscle and kidney samples were collected from animals, covered with optimal cutting temperature compound, and frozen in isopentane (Sigma) precooled with liquid nitrogen. Samples were serial sectioned at 10-m thickness with a cryostat (Microm HM 525; Thermo Scientific). For immunostaining, all steps were performed at RT. Muscle sections were air dried for 10 min, rehydrated with PBS, permeabilized with 0.5% Triton X-100 for 5 min, and blocked with Mouse IgG blocking reagent (Vector Labs) for 1 h. Sections were washed twice with PBS and further blocked with 10% normal goat serum (Jackson Immunoresearch) for 1 h. Primary rabbit polyclonal anti-VDR (1:50; Santa Cruz Biotechnology), rabbit polyclonal anti-CYP27B1 (1:50; Santa Cruz Biotechnology), and mouse monoclonal anti-dystrophin (1:00; Sigma) antibodies were incubated for 1 h. Different host species (rabbit and mouse) antibodies were incubated together in the same sections, i.e., VDR and dystrophin/CYP27B1 and dystrophin for double immunostaining. After three washes with PBS, goat anti-rabbit Alexa Fluor 488 (1:500; Invitrogen) and goat anti-mouse Texas Red (1:200; Rockland Immunochemicals) secondary antibodies were applied for 1 h in a dark humidified chamber and then washed three times with PBS containing 0.01% Tween 20 (Fisher). Sections were fixed with 4% PFA for 10 min, washed twice with PBS, and mounted with antifade containing DAPI. For kidney sections, the procedures for VDR and CYP27B1 immunostaining were the same as muscle sections except Mouse IgG blocking reagent, primary mouse monoclonal anti-dystrophin antibody, and goat anti-mouse Texas Red secondary antibody did not apply. Images were captured with Zeiss Axio Imager. M1 microscope and processed with AxioVision Rel software (v4.8).
Western blot analysis. Immunoblotting was used to evaluate protein levels of VDR and CYP27B1 with procedures as previously described (28) with modifications; all steps were performed at RT except noted. Briefly, 25-50 ug of protein were separated on a SDS-PAGE gel and transferred to Immobilon-FL transfer membrane (PVDF) with a Semi-Dry Transfer System (Bio-Rad Laboratories) for 30 min. Membranes were incubated with the Odyssey blocking buffer (Bio-Rad Laboratories) for 1 h. Primary antibodies, rabbit VDR (1:250) (Santa Cruz Biotechnology), rabbit CYP27B1 antibody (1: 400; Santa Cruz Biotechnology), and mouse ␥-tubulin (1:4,000; Sigma) were used. Primary antibodies were incubated in Odyssey blocking buffer and PBS (1:1) plus 0.2% Tween 20 for overnight at 4°C (VDR and CYP27B1) or 1 h at RT (␥-tubulin). After several washes with PBS plus 0.1% Tween 20, secondary antibodies, antirabbit (VDR and CYP27B1) or anti-mouse (␥-tubulin; 1:7,500, Molecular Probe) were applied in Odyssey blocking buffer and PBS (1:1) plus 0.2% Tween 20 and 0.01% SDS for 45 min. Then, the membrane was washed 5 min ϫ 4 with PBS plus 0.1% Tween 20. Protein expression was detected with the Odyssey LI-COR system (LI-COR). Band density was analyzed using the Odyssey software version 3.0 (LI-COR). Control 293T cell lysates (Santa Cruz Biotechnology) were used as a negative control for VDR protein expression, and mouse kidney lysate was used as a positive control for CYP27B1 protein expression in this study.
Transfection of C2C12 cells with Cyp27b1 siRNA. siRNA transfection was performed as previously described with minor modification (28) . Briefly, predesigned Cyp27b1 siRNA (Santa Cruz Biotechnology) or scrambled siRNA (Invitrogen) were prediluted in OPTI-MEM medium (Invitrogen) containing Lipofectamine 2000 (Invitrogen). LipofectaminesiRNA complexes were added into each well immediately after cells were plated in DMEM ϩ 5% FBS (no antibiotic; final concentration of each siRNA was 10 nM). After 6 h of incubation, the media was replaced with regular growth medium (DMEM supplemented with 10% FBS and antibiotic) for 18 h.
Statistical analysis. Data are presented as means Ϯ SE. Significant differences among groups were analyzed by using either two-way ANOVA or Kruskal-Wallis with Student-Newman-Keuls test or independent t-test. Data were analyzed with SigmaPlot version 11.0 Build 11.0.0.75, and the level of statistical significance was set with ␣ level of P Ͻ 0.05.
RESULTS

Expression of Vdr in C2C12 myoblasts and myotubes.
To clarify the expression of Vdr in myoblasts and myotubes, first we took RNA samples isolated from C2C12 myoblasts and myotubes to clone and sequence the full-length Vdr mRNA. The amplified cDNAs obtained from the samples were the appropriate size (Ϸ1.4 kb), and following DNA sequencing we confirmed that the full-length Vdr mRNA is expressed in myoblasts and myotubes (Fig. 1 ). Once confirmed, we then examined whether the VDR protein was expressed using both Western blots and immunocytochemistry. Western blot analysis revealed that the predicted 56-kDa VDR protein was detected in both C2C12 myoblasts and myotubes, with no detectable signal from lysates of 293T cells (negative control; Fig. 2A ). Immunocytochemistry demonstrated that VDR was detected in both C2C12 myoblasts and myotubes (Fig. 2, B and C). We noted that localization was primarily found in the nucleus of C2C12 myoblasts (Fig. 2B) , while in C2C12 myotubes, we detected VDR expression in the cytoplasm (Fig. 2C) . However, when C2C12 myotubes were treated with 1,25(OH) 2 D 3 , we did observe a translocation of VDR to the nucleus within 24 h after 1,25(OH) 2 D 3 treatment (Fig.  2D, arrows) . Taken together, these findings confirm that VDR is expressed in both C2C12 myoblasts and myotubes and suggest that there is potential for differential localization.
Treatment Fig. 3A ; P Ͻ 0.001). In these experiments, we also treated a set of C2C12 myoblasts with the inactive precursor, 25(OH)D 3 as a negative control, but we were surprised to find that myoblast number was also inhibited in a manner similar to that found with 1,25(OH) 2 D 3 ( Fig. 3A , P Ͻ 0.001). To further test whether the decreased cell count following either 1,25(OH) 2 D 3 or 25(OH)D 3 treatment was due to inhibition of proliferation, we performed a BrdU incorporation assay. As seen in the representative image (Fig. 3B) Expression of Cyp27b1 in C2C12 myoblasts and myotubes. Our observation that treatment of cells with 25(OH)D 3 led to the inhibition of C2C12 proliferation and upregulation of VDR expression suggested that C2C12 cells may express Cyp27b1, the gene encoding 1␣-hydroxylase enzyme that is required for conversion of 25(OH)D 3 to 1␣,25(OH) 2 D 3 . To examine whether Cyp27b1 is expressed in C2C12 cells, we first cloned the 1.6-kb Cyp27b1 mRNA transcript from C2C12 myotubes. The sequence analysis confirmed that C2C12 cells express the full-length Cyp27b1 transcript (Fig. 5) . Next, we analyzed CYP27B1 protein expression using Western blots and immunocytochemistry to confirm our cloning and sequence analysis. As seen in Fig. 6A , CYP27B1 protein is detected in C2C12 myoblasts and myotubes at the expected molecular mass (65 kDa) similar to that detected in lysates from the mouse kidney. Since CYP27B1 has previously been reported to be localized to the mitochondria (23), we used immunocytochemistry to determine if CYP27B1 protein localizes to mitochondria in C2C12 myoblasts. Representative images are presented in Fig.  6B and demonstrate that CYP27B1 protein is detected in the cytoplasm of myoblasts, and compared with the localization of OxPhos complex V (ATP synthase, F 1 F 0 ) a subunit (F 1 complex, a subunit), we do detect some overlap, suggesting CYP27B1 may be found in mitochondria. We also evaluated the localization of CYP27B1 in C2C12 myotubes, and this is presented in Fig.  6C . In myotubes, cells positive for myosin heavy chain, we detected CYP27B1 in the cytoplasm. These results confirm that Cyp27b1 is expressed in C2C12 cells at both the mRNA and protein levels.
Effects of siRNA-mediated knockdown of Cyp27b1 on myoblast proliferation after 25(OH)D 3 treatment.
To test whether the presence of CYP27B1 mediated the inhibitory effects of 25(OH)D 3 treatment on myoplast proliferation, we knocked down Cyp27b1 using siRNA. We found that treatment of C2C12 myoblasts with siRNA to Cyp27b1 resulted in a 60% reduction in Cyp27b1 mRNA levels by 24 h (Fig. 7A ; P Ͻ 0.001) and protein levels were down 65% by 72 h ( Fig.  7B ; P Ͻ 0.001). Once we confirmed effective knockdown, we tested whether Cyp27b1 was necessary for mediating the effect of 25(OH)D 3 on myoblast proliferation. As expected, treatment of C2C12 cells with scrambled siRNA did not alter the decreased proliferation effect induced by treatment with 25(OH)D 3 . In contrast, we found that targeted knockdown of Cyp27b1 resulted in a twofold increase in cell number compared with cells treated with scrambled siRNA ( Fig. 7C ; P Ͻ 0.001). These results provide direct evidence that Cyp27b1 is biologically active in C2C12 myoblasts and functions to convert 25(OH)D 3 to 1␣,25(OH) 2 D 3 .
VDR and CYP27B1 expression in control and regenerating muscles in vivo. The expression of Vdr in adult skeletal muscle has been a point of controversy in the field (30) , and very little is known about the expression of Cyp27b1 in skeletal muscle. Based on our in vitro work and the literature showing that vitamin D 3 treatment is most commonly known to have effects on cell proliferation, we studied expression of Vdr and Cyp27b1 in actively regenerating skeletal muscle. BaCl 2 treatment was used to induce regeneration in mouse skeletal muscle for these studies and the serial sections were used to demonstrate the coexpression of VDR and CYP27B1 in the same muscle fibers. We found that expression of VDR and CYP27B1 were increased significantly in the regenerating tibialis anterior muscle compared with nonregenerating control muscle (Fig. 8) . In control muscle, VDR and CYP27B1 were detected but levels were very low. In contrast, significant VDR expression was detected in the central nuclei of newly regenerating muscle fibers (arrowhead). In the same fibers, we also detected significant expression of CYP27B1 in the cytoplasm of the fibers as well as in the extracellular matrix (arrow). The specificity of antibodies that we used for both VDR and CYP27B1 staining in muscle sections was confirmed with use on mouse kidney sections (Fig. 9) . Taken together, our results clearly demonstrate that both VDR and CYP27B1 are upregulated within regenerating muscle fibers in vivo.
DISCUSSION
In the present study, we examined the expression of VDR and CYP27B1 in C2C12 cells in vitro and regenerating skeletal VDR has been reported to be expressed in myoblasts (7-9, 13, 14, 27, 32) and skeletal muscle (5, 13, 32) ; however, this has been controversial because the specificity of various VDR antibodies has been questioned (29, 30) . Here, we combined the use of Western blot analysis, immunocytochemistry, PCR cloning, and DNA sequencing to validate the expression of Vdr in C2C12 cells (myoblasts and myotubes). We found that C2C12 myoblasts expressed VDR protein primarily in the nucleus, and we confirmed the presence of the full-length Vdr mRNA by cloning and DNA sequencing. We also detected VDR expression in C2C12 myotubes, but unlike myoblasts, most of the VDR was found in the cytoplasm. Regulation of VDR localization between nuclear and cytosolic compartments in cells has been reported to be regulated by RXR through translocation of unliganded VDR (25) . Increases in RXR expression are associated with increased cytoplasmic localization of VDR. Thus a potential explanation for the differential localization of VDR between C2C12 myoblasts and myotubes could be due to the increased expression of Rxr that occurs following differentiation into myotubes (11) . However, when C2C12 myotubes were treated with 1␣,25(OH) 2 D 3 , we did detect increased nuclear levels of VDR, indicating that in the presence of vitamin D 3 the VDR is translocated to the nucleus in C2C12 myotubes.
One of the surprising findings of this study was the effects of the inactive form of vitamin D 3 , 25(OH)D 3 , on myoblast proliferation. This observation prompted our experiments to determine whether Cyp27b1 was expressed and, if so, whether it was functional in C2C12 myoblasts. The suppressive effects of 25(OH)D 3 were detected within 2 days after treatment. In addition, upregulation of both Vdr mRNA and VDR protein was similar to that seen with 1␣,25(OH) 2 (20 nM) to mimic the effects on cell proliferation. This potentially reflects the low expression of CYP27B1 in C2C12 myoblasts leading to a relatively low potency for production 1␣,25(OH) 2 D 3 . Indeed, the low conversion rate of 25(OH)D 3 to 1␣,25(OH) 2 D 3 argues for muscle to act only as a local site for autocrine/paracrine production of 1␣,25(OH) 2 D 3 rather than a site for systemic production. Our findings are consistent (20) . This is an important area requiring further study in muscle cells.
While our validation of Vdr expression and discovery of Cyp27b1 expression in C2C12 cells were important, we were unsure what the translation of these results from a muscle cell line were for in vivo muscle. Thus our final set of studies pursued the potential expression of VDR and CYP27B1 in adult skeletal muscle. We found that both VDR and CYP27B1 were significantly expressed at day 7 during skeletal muscle regeneration. VDR expression was primarily detected in the myonuclei, and CYP27B1 was cytoplasmic in these newly formed fibers. These results are exciting as they confirm the expression of VDR in muscle and add new data that CYP27B1 can be expressed in adult skeletal muscle. The significant increase in both VDR and CYP27B1 expression with regeneration does not change the question of VDR expression in control muscle, but it does confirm that they can be expressed in skeletal muscle in response to challenges. These results suggest that both VDR and CYP27B1 may hold play an essential role during muscle regeneration to repair existing muscle fibers or reform new muscle fibers in response to muscle injury.
There have been results from human studies (24) that vitamin D 3 treatment does lead to improvements in skeletal muscle function; however, the field is controversial as other studies (17, 18) have shown no improvement of skeletal muscle strength and function in the elderly after vitamin D 3 treatment. The results from the present study help contribute to the field by confirming the expression of VDR in skeletal muscle especially during regeneration and repair. In addition, we found that like VDR, skeletal muscle expresses the key enzyme 1-␣ hydroxylase encoded by gene Cyp27b1 and expression of CYP27B1 can likely function to convert 25(OH)D 3 to the active form of vitamin D 3 . Our findings raise the possibility that skeletal muscle may be able to function as a local site for conversion of 25(OH)D 3 to 1␣,25(OH) 2 D 3 for physiologically relevant effects on muscle cells during the regenerative process.
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